The interplay of magnetism and spin-orbit coupling on an Fe kagome lattice in Fe3Sn2 crystal produces a unique band structure leading to an order of magnitude larger anomalous Hall effect than in conventional ferromagnetic metals. In this work, we demonstrate that Fe-Sn nanocrystalline films also exhibit a large anomalous Hall effect, being applicable to magnetic sensors that satisfy both high sensitivity and thermal stability.
Introduction
Iron-based alloys and compounds have constituted the outstanding basis for applications, particularly with judicious utilization of their rich magnetism and magnetotransport characteristics [1] [2] [3] [4] . To enrich their functionality further, extensive investigations have continued on iron-based ferromagnetic materials including ordered alloys 5 , oxides 6 and nitrides 7 . In this study, we exemplify magnetic sensor functions in a ferromagnetic iron-tin alloy that is fabricated to harness massive Dirac bands of kagome metal Fe3Sn2
(ref. 8 ). Magnetic sensors are capable of electrically detecting a magnetic field 9 and are becoming increasingly important towards the acceleration of Internet of Things. Their applications include monitoring of electric current via the Oersted field, electronic compasses and motion detection of mechanical parts in microdevices. In conventional semiconductor Hall devices, the detection of a magnetic field (termed instead of magnetic induction, hereafter) B relies on the ordinary Hall effect, which converts a flow of electric current to the transverse Hall voltage Vyx (ref. 10 ). Since the output Vyx is proportional to B and the injection current, good sensor performance under a constant input voltage is achieved in III-V semiconductors such as GaAs, InAs and InSb with high carrier mobility 10 . These semiconductor devices are constructed essentially on highly crystalline films with a low carrier density precisely tuned by high-temperature growth. Their bandgaps are, however, inevitably accompanied by substantial temperature (T) dependences of device characteristics. To ensure the stable operation in a wide T range, an external circuit that compensates the T dependence needs to be implemented.
Without changing the basic device structure, the semiconductor can be replaced by a ferromagnetic material with a sufficiently large anomalous Hall effect (AHE [20] [21] [22] [23] .
Results
Fe-Sn nanocrystalline films grown by co-sputtering at room temperature. FexSn1−x alloy films were fabricated by a co-sputtering technique. 18, 19 The two elements were supplied from a single magnetron cathode by mounting Fe chips on a Sn target ( (Fig. 2e inset) , yx / xx takes a broad maximum around x = 0.60 -0.75 in the nanocrystalline films. A weaker but similar trend is also seen for the polycrystalline films that partly contain FeSn, Fe3Sn2 and Fe3Sn (Fig. 1d) . Note that such a composition dependence is not expected for mere Sn-rich -Fe.
In In a stark contrast, xy in the nanocrystalline film rivals the bulk data in the entire T range.
One obvious reason for this is the suppression of FeSn by room-temperature sputtering.
It is not clear why imperfect development of the kagome lattice order can lead to the large AHE; nevertheless, these observations, together with the yx and yx / xx peaks at x = 0.60 -0.75, strongly suggest that a kagome-derived intrinsic mechanism as proposed for Fe3Sn2 (ref. 8 ) should be the primary origin of the large AHE in nanocrystalline FexSn1−x.
Thermal stability of the AHE for room-temperature deposited films. Having confirmed the large AHE in nanocrystalline FexSn1−x, we now turn to the characterization as a magnetic sensor element. Taking advantages of room-temperature sputtering, we extend our investigation to more commercially available substrates, glass and flexible 8 polyethylene naphthalate (PEN) sheet (Fig. 3a , also see Fig. 1e for their XRD patterns).
T dependent AHE characteristics of Fe0.60Sn0.40 films with thicknesses d ~ 40 nm, displayed in Fig. 3b , are essentially similar on three substrates, demonstrating that specific substrates are not required to achieve the large AHE. Magnetic-field sensing can be performed in the almost linear yx -B region, and the differential coefficient, dyx / d corresponds to the sensitivity for B via Vyx. As displayed in Fig. 3c and inset,  is nearly constant to a large B of approximately 0.5 T, and is rather insensitive to T variation (red colored regions in the inset). This is more clearly seen in the upper panel of (Fig. 4a ) and also Vyx versus B curves (Fig. 4b) , we determine that the applicable large AHE persists down to d = 4 nm. The d decrease to 2 nm is possible for yx, but is accompanied by a sharp rise in xx and the drop of yx / xx. These increase power consumption when supplying a constant injection current (I). In other words, at the fixed input voltage, Vyx is reduced due to the decreased I. The 1-nm-thick device was no longer conductive; d of approximately 2 nm may be the critical thickness where island-like domains start to coalesce and form 9 conduction paths. As presented in Fig. 4c , by injecting I = 10 mA into the 4-nm-thick device, a large Vyx exceeding 0.1 V is generated from a magnetic field of B = 0.5 T.
We would like to here note some specific features, which are potentially utilized for three-dimensional magnetic-field sensing. In Fig. 4d, could be detected with a simple Hall-bar device.
Nanocrystalline FexSn1−x as demonstrated above can be served as a Hall devicetype magnetic sensor. In particular, the capability of sensor integration onto a flexible substrate is appealing, potentially finding applications in flexible electronics 25 . We examined the mechanical bending effect on the nanocrystalline FexSn1−x device. Figure   4f demonstrates that, even under severe bending conditions (see Fig. 4g for the definition of bending geometries), the nanocrystalline Fe0.60Sn0.40 on PEN offers a reversible operation with an almost unchanged sensor performance (Fig. S5 in the Supplementary Information). Such new functionality enabled by nanocrystalline FexSn1−x, in combination with its economically and environmentally friendly ingredients, would offer a new type of magnetic sensor design utilizing AHE.
Discussion and Conclusions
The large yx at room temperature has also been obtained in ferromagnetic semiconductors 26 and metal-insulator composites 27 . According to the established classification on the AHE origins 11, 28, 29 , those highly resistive materials, however, are in the poorly conductive region (xx < ~ 3 × 10 3  −1 cm −1 ). Our nanocrystalline FexSn1−x is essentially metal with xx as high as mid -10 3 -10 4  −1 cm −1 , being in a different category called the intrinsic region (Fig. S6 in the Supplementary Information) . In fact, it is observed in nanocrystalline FexSn1−x films that xy is rather independent of xx, as being consistent with intrinsic mechanisms. At present, the sensitivity of our device is about one order of magnitude lower than those of the state-of-the-art GaAs and Si Hall devices 30 .
Based on the Berry curvature scenario, the device performance could be further improved by Fermi-level tuning into the gap at the Dirac point 8 . Such an intrinsic approach, in addition to its critical importance for the next-generation of Hall sensors, may also lead to devices that incorporate exotic quantum transport phenomena, e.g., quantized AHE.
We believe that the thin-film structure would be the key enabler for exploration of new functionality that emerges on the kagome lattice.
Methods
Thin-film growth. FexSn1−x alloy films were fabricated by RF magnetron sputtering. The RF power was set to 50 W, and Ar gas pressure to 0. and geometric effects, the measured data were symmetrized for Vxx and anti-symmetrized
for Vyx against B as widely adopted to these measurements. Magnetization measurements were carried out using a vibrating sample magnetometry mode of VersaLab.
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